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Study of key technologies on high power Ytterbium-

doped double-clad fiber laser

Dong Xue
Directed by: Qihong Lou

Abstract

High power fiber laser is one of the most active research directions in laser
fields. Comparing with other solid laser, fiber laser has demonstrated a most
attractive foreground in industry, medicine, science research military affairs and so
on because of its little volume, light weight, high efficiency and simple architecture.
In this thesis, theoretical and experimental study on the high power continuous-wave
Ytterbium-doped double-clad fiber lasers was presented.

In the first chapter, the history, current status, and future prospects of rare-earth
doped fiber laser was introduced. The applications in area such as telecom, industry
and military are presented.

In the second chapter, the operating principle of the double clad fiber laser and
the characteristic of cladding pumping were summarized. The output power
expression of double clad fiber laser was deduced based on the balanced photon
model. The transmission mechanics of light in the inner clad and the core of
double-clad fiber was studied theoretically. The conditions of pumping light
transmitting in the inner clad and mono-mode fiber laser originating in the core were
acquired. The key technologies such as beam reshaping of high power LD and mode
controlling of large mode area fiber were introduced.

In the third chapter, the characteristic of China-made double clad fiber was
studied, and the current status of fiber laser industrialization in China was discussed.
The fiber drawing techniques were introduced and the impacts of inner-cladding
structure on laser characteristics were studied. A new cross section shape of inner
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cladding benefited from the conception of unsteady cavity in laser technology was
introduced. The absorption characteristic of this new type double-clad fiber was
simulated with two-dimension ray tracing method. The results shown that, it is
possible to achieve very high pumping absorption efficiency with this new type of
double-clad fibers. The comparison of spectrum characteristic and output power
characteristic between China-made fiber and imported fiber was made. It shows that
the China-made double clad fiber is excellent in high power operating.

The theoretical and experimental study on double cladding fiber laser was
discussed in the fourth chapter. The impact of factor such as fiber length, doping
content, on output power, output spectrum or pumping threshold is discussed. The
comparison of one-end pumping and double-end pumping is made theoretically and
experimentally. The power distribution of pump light and excited laser along fiber is
given by solving the rate equations. When both ends of the D-shaped inner cladding
fiber are pumped by high power LDs with launched power of ~300W each, a
maximum CW output of 534W was obtained, with a slope efficiency of ~75%.

In the last chapter, the characteristic of large mode area (LMA) fiber is studied
theoretically and experimentally. The limitation of single mode fiber in high power
operating was discussed. The impact of enlarging the area of core or inner clad on
the fiber laser was calculated theoretically. A new method to control the mode in
fiber with external cavity was carried through and obtained certain effect.

Key words: Ytterbium—doped double—clad fiber, Double—end pumping,

Spatial filtering, Large mode area fiber, Mode control
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20 microns )

1-5 PCF N34

AR S, PCE W] LLor NSO A 04 o SEO AT 220 DB
BN DL I R HE P A e 3 B 64 . 04 R A DE B
Y78 DL JE BAVE VR HE S A o B o B e 2F . s SoedLEim 5, PCF Al 4y
R B R LT R T AR 425, B 1-6 5 T 2 R6 F i iAok er i &
FIE

Ca) (b) (o)

B 1-6 PCFHHEFRAMERERE.
(@~AAFREAESILEFAXEHI S MNESEEENEAXT; ()X FEHNA.

SR G LT B AR SR R ] HI3T 56 6 RO M UER AR, . 8 SV R e ) 2 Lo 7 S
B CAEEE MBEMMAESRE (B0 ZEA—ErmZEN, ANmEtEE
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Mo AELT O RS, IXFPESI PCF SIEHLERK AN R A N IR o Lt 2P i AR
JECEE AT AT RER OO LB R R . 38 BEAR SRV FRL AR AE DG 1 b AR v A AL
TIRERT R, 2/ FLIAL D R B AN L ELAR G 2 — R 2RI, BLEN — B B HOLTE
FRIGTRERR, DG R BEAE 25 U S R e A A AL 3

H1 T PCF B E AL I K/ S B KRB G R, ol 38 LA BEvH LR
B R LIS FETT ARG R “F 7" BOCEMER. 5SEMOL ML, PCF
FLAT W R URS (R0 AR P AEAR KT 08 N DR 355 FRBE, EFR O “ ook
(Endlessly Single Mode) ™. wydEZett™ . KBIAMEA™ ., AT EHCRHE ™
o HT L, PCF AUA T RERCNELH UG AL FOe s BT, i Hikw]
AR A 2 B B ARAT B9 ThREB a5 0L 7 a4 . Rk, FoA FIEE R PCF
TR ot F T H VR s

photonic crystal fiber step-index fiber
2 T g 2 . 27 2 2
Voerp =—— A-qfng, (A)— N eindding (4) Vyg=—a-yn, - M tadding
A A
single-mode condition: Veer < single-mode condition: F; <2.405

1-7 K F R REGR AR RREY

BT 06 7 A e T2 — R BT ) B RN HRS (s SALROGER, DR
A2 B 2 ALK U AR T AN 2 ARk o 1Y, DRl ] DA vk 20 e 1 di
SCEFTE A K AR B BT A AR ROR B AP R R BB A (1 ™, ]
B B SIS R A B L AR e 247 NA SR LR 454, il 1-7.
H A6 i ARG 2RO B T S 20E B kW 4T

3. ZEMLABOLRE

T FRBOCE R ZIFE AT 17T 5 B BOt R 7, AR IR
BT B EOL A P KWL 2 e LR Eh R ok, SR 1 %0 2 210 AR
LRI Zeel . XL Fotas AME R USEBU T e, BAT S 4 1%
AR, RO R R . SOA R A SRR B T AR 1
W FE 43 A5 AN 181 50 FAR L) LR B AR TR i B P Glas 25 AR HY T —Fh 2053k
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B BEXELE LT, JesF WEENERE, INTE I R MR L i
HLE, ENEZESIMUZ LSS E Z RS RMAR ST, 4
RS ZARB 2470 L3 FRILE LS, IR R34 1 22 O g5 /6 AT L 78 20 Wi ey
T IRTE N2 7= A IR e 6 (EE LN E 5 4N Z B3 30 SR W2 e 1
FEREIG) . WE 1-8 B, XFOGAAHE SRR A 2K DL,
A IE AR 03— 4a i AT CLSZBUBUR AR TN as i s s B o fa A . il 1-9
B, [ A (A AE A AE 376 37 ] LAAS 30 AH I ok 0 B2 I A7 S AR PR (03 HE B R o
P. K. Cheo 25 N""F 2001 4EF2H T W FRHEAG 6 MRS XU Z0e4F, FHARHIEE
BoE e, XFh SRR AR E S E A TRt . Cooper AT 2005
SEFHAE R BRI 10 MRS M ST BB XU 2 o g8, i 1-10 AR,
RIS T 320W TN R4 .

coating NA~03

pump core (100 um)
refractive index n NA ~0.2
active core

(de~5 pm)

B 1-8 FEEFIZENEEAABEREE

Normalized Near Field E Normalized Far Field Intensity

B 1-9 Z BRI BAA P E AR AR EITITIRE () M58 ()
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1.4 mm

GEBmmI t IR

Silica inner-cladding Yb-doped core

B 1-10 M2 ENEEXAFEH~EE
4. REGHHBPICHBOLE

EL AR FH BB ARS8 R 0L Z 6 4 ] DA I B A7 S AR PR S A ot & 1
ANk, A A S BREER I DR BN, AT JCE 345 1 5 = i D R
Foh, T REEMEAT R SR UL SO A A AR 88, fERK o gs ., &
2R B PThER . EEE DR DL KRR IR/ . BEEAEAF I RE ST HUR T
KB AT SRAF BT B0 7 UL BE RT3 H X AN R ER TR 30 e SR
TR B KEN KAERIEZE . S54RI HDE A Re s S X LR ],
B, EFERN T HE— DA BRI T2, DLk e = TR as VR 1)
B[RRI G LD psta ws Sk dia) Al R E L NI E: (1S N 1]
1 (large mode area, LMA) JY&efHiAR.

— MY, TREERIEEE (MF) 55 5 T s2 8 R U AR G 48, X6t T R A
A= m D E R S N 68 B EE R E . IS AL R E R
A (Large mode area) A MPLEMEAE T, — 7, KEEXHDLAAER]
DASR AR RN, a3 e R A B R, LT A K
B HH AR S El e AR I T RS VS D , S — T, R AR G A (LMA)
HLF A AL G R KT DB L 75 102 dh ke e, 5 A TR
T ENAFARKE T AP RS AT S T77E,  SEEX A A SR
J2 DX 3k AT 5 26 22 RS i 4 i

5. ETILHRKIILBOLA

FH T~ I 28 4 200 N ARG S ) R ], BELAR Y 2R B0 28 1 i Th 3R BE A R,
W2 A m DR o AR s B3 T H A IR, W] ASRAS B8 i Th R I O S
e MAHEIFRMIEEE FRE, AR Ao A AL R AR 4R = Fh . Yeefi
I B F L AR A2 25 N e AR SO I e — s e R A N — R, BT
BN NABOCZ BBAMA LR, ZAEMET R, XA R AT DAE AT
BOLDIRE S, (EEHR R EMAN T ROk AL EREZ . B2 s
H LR A BOCH S, 1P AT &g 2] 2kW, 4kW, 6kW DLE 20kW )6 4R
Heago KT kW FDCLFEOEEs, el E R F W<T7~10, Wi 1-11,
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beam quality (M?)
— — N N
©c o o o
| 1 | |

o
1

N P PP PP 1k 2 4k 6k
output power

B 1-11 MThRRE, ARRETRE

RN TR BBOCTIRBIFR, RECABOCRIFRICRRE, CXE
P T E IR A HOE AT HRE AR . SR EOCHMHET &R A
RNEBR BRI, e A A E R OE LR S A SRR R R TR, (H
FIHAT AR, Z2HOCAEOE R R TE BB RIS AR BUAS SE 0T ) 58 . AR
FHIARTF AR AE SR RAR T 70 NPl , — IR AR, a2 N5k
A B 4% — e 177 XA, A — MR, AR T S A AU R
SSHRT S0, FRAGA TR B SR BOs i R 5 S — R 3 TR 76 O (MOPA)
AR, BUERHZ AN NEZE SR ORI — AP OIR, @R %
B AR SZELZ AN HOCBEOE A TR A5 ™, HEHENE 1-12 frs. 2003
M, (ERE E PN E S ER SRR T, Fr e A RS S E LIS =AM MIT AR
SIS T TR A B0 UEESEES, S T AN 10W et AF O A AR
TR . Northrop Grumman it S FARM T EAT T —A 7 DA BOCA R
TG IR LI E, FHHSZIL TAE/N IR 4 AN A0 BRS B U AH A AH
TREEHE", R E RO I Th R UL A8 7 A REF O G AR T 40
WTAEIEAERATH, HRTd AR WA 85 R ikiE.

AN, RIS, T CLSZELE KA A AN R a0t gs 14 & R
L HET G WA E BLBOCLT O 2@ A 4 BAT LA e S B & TR i 45
FOE" . BEE G TR R, R Z SR A Sl s Th &M T 06
i, 2N EERA B R,
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Beam
sampler

Control Amplifiers

B 1-12 MOPA R LA HBTHRFIEE

1.4.2 JEFBOLAR R BTT IH

BEZHARPIAWIRIE, MR E T EZ N HER, Jeqiotss
RIEZEDH ZRALERA, FEEPELLT LA :
= RS A RO AR
i DR kb G 4T o A8 TSR A%
LK%
LR TR
FER KA O A8
Hr @R A HOE R R HAE Tk, EF. BFEEE 2SR EA T 21 H
&, S IR

1.5 BINEAFHABFAKRE

ASNENENRN

<\

1.5.1 B ThER A BOR 53 B S,

AP S, E R IS AT R AN A A G N2 R, N B 2 1 BN 4
BOCRES BRI &ML . JEABOLA AR 1.30 um A1 1.55 um
WeBEOL, BN T CE R P AMESRE R 0, FEH 1,55 um BIGAFBOE
a0l DL 2 SARBOL SR E VIR, BREE D Se . [N, 55— Mol
RS Yo LGRS A% fa it 1. 24 wm A1 1. 48 w mi0O%AF 4 PDFA A1 EDFA
AW, KRR, KRR LRSS 5 BN Re. AR, Je4Fh 20K
%Wﬁﬁw?&ﬁl@fﬁ%ﬁb%am12—umm&&%ﬁﬁ%%mk
. RROE, (HEEMSEARCEEFEE IR, WKES S &
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IR SCLTFO 3% o — AN RT3 Al 4 30 8 FH 38 6 A0 T 38 vRRN 2 (R JE TR AT, S
BUZRR S . EEEE.

KU 2 A O B8 22T B Rk b 2 4T B0 2% A2 B AT S 0 A0 B 25 1)
FeAFf 2RISR, ©RARFAEER. MhxE, SHERS T
SEE R 28 T A

BT R b 2 e 4T IO R e R B F(E I K B 1 Z v R i s 28
PR s G5 A KOG 4F, M IE R = A B A IE B K 1 o 3G v 30 48 ik
ek o LRI FH B BERL 2R T BOB 88 (2RI YE N Nd: YA R Nd: YLF [ 4430
82 HEH KA B 1064nm AT 1313nm, (T A TR G R At
FLF L R A, HLE AR, W AR T U AR T R A K
{HAE SR LTS KRG R IEARSE . HATR ERCER . N2 2R HERA
T RTIR ONEL E S A B0 B R T L B O AT AR

WERFL 2 A BOCR I AT SR B K A& MEotE S, A TX—H
1), BEXNEEAHEREKEE &I 1L.06um 5 1. 10um . XFBHEA
FOLL, FHEAWKA 1.06nm , FHEFEHEKS AN 1.120m , 1.18
um, 1.24pm, 1.30um , 1.40um , 1.48um , HPNHKZHZ1.240
m Al 1.48um , ZHIATLMAERN 1.3 um AT 1.55 um {5 E LDOGLFr B UK RS
TR A AWK A 1. 100 m , S-S e i K8 1. 16 um , 1. 22
pm, 1.29um, 1.37um, 1.45um , HP 1.45um ENHBRZHEEK. B
W RE RS E LT I AR £ 1 Fr B B AZ AT TA 1300em=1, 4 1. 06 wm P KK TR
BOCTRE, H—Fr it e s et Re B0k 1. 24 wm, 1 P Stokes 41
FELe KR 1. 48 um, —Fry M il el R 1. 3 nwm & D15 2 AR UR
A Al 1,55 um B L BHDE AR BORES P 2R

R 1-3 NEARABOCHAR LB IOLA BRI E

Fe ik RE-doped fibres Raman fibres

W dB/mwW dB/W
BHME Good Good
THER K RETBRET % IR BN AR K (e

1pm (Nd,Yb), 1.5pm (Er), 2pm (Tm) THRBEKAL)

TR 0.1-100 m 0.1-1km
TR Wi L4526 Lt FEATGER
E3 By QEZ 8 S/t SO S

FL A H K 8. AW 35 1064nm (3B BB A0 BT B REAT S0
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2F, ST UK IO AT HOE 2, 1% B0 28 AT DA 4 1239nm A1 1484nm
XA R B BLEOE, T DhaR 20l ik 1. 05W 1 0. 95W, & 1-13, M
M— G XFERDEAEOEER BT LRI 220 1.3 nm 84S & 1 IR 2 HOK 28 A
1. 55 wm 3845 & [ EDFA BiH S K28 . 2002 4E F. Lepingard fRiE 145 Yb )¢
ORI S (1415nm. 1427nm. 1440nm. 1455nm. 1467nm A1 1480nm)
L2 A BOERE, ATLASZEL C BN LB, 1515nm 2] 1595nm 7 & K™

P
BRA T 1239
% Yb XUELE P
i - I {0 {0 I

JeEF IOt FBGI  FBG2  FBG3  FBG4
R>99%  R>99% R=50%  R=50%
1239nm 1484nm 1484nm 1239nm

Fig. 1. Experimental setups of the Raman fiber lasers.

K 1-13 8 Yb SR EOREREE 12 IR BB Ao a

BeAk, B4 EDFA K 386 25 Y 47 2 ol 1 s 2 B Ok 4, F1ER
BRI B E SR MEARMCAEE RS, WMEL
N B A RGN, R AR ST PLK I ThZAOR, 1Ml H AL 2 EDFA ASBETH
JEIXFPER . 25K Br/Yb L8 H0EE A E A A, B2 R
A, BELH ERHEH K. fFSRmNGES T, AMEGRINE] T mR
T R E LRI R, RERERERHACE, W BRI L4 i
ARG (80071100nm), FEAE 1 X R SR AR R . HATEE Scientific
Atlanta A& I G T ELE I B EYDFA, YAt Th 2 i +25dBm,
Mgk 75 R AE 6. 0dB LA™

7E TbATUR, BRSO g 2o IE i TF B, BE S H N H A A A
Wri &, STEOEHIE RGWIRH T/ ML, SRR MERMEENR, HrEI
RAABOCRPIRE, BT IRBHEIER . Bl T EosssmFENHE
(D #ERERE (2) BB (3) MonEEbric s dmid, BEE
VLT IO T AR -

Kl 1-14 28 TAEX IR DS R R E SO RS H0= M A E, #oEn
TR BRI S B AR X 38 . 7E 1060nm ) 1080nm i P, X ik B2 EEBOG
FRBET /4 &b WHRSERTECHSHA, LJ7&ra iN AR,
e R AH R BPP (R A SR ETRFD DL UZAE.

FEAT AR S VIR BOC R P A A B — AN R EH AR, Bhal T
BWOCM B RO TH R SHOCS B Z RIS R, HPRIEEIE - SR B
FIRE (LDA) FraeifBIMIKF, XTREECL BRI A, bR, SR,
REWIRE. BB UIE B R R0 R A S5 R SR R Th e F A
Jeas CREME R (EXT TR TR, W% i & IR R EE
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A, R RBOLE A GERE 2K . RINFOGLHOGAR L, IR IX
AR, JEEFEOCEE B A E ] U 2 B AR LRI . B H B
TLOGE NEOEN B, Jeeritd, R EREOSMILSE RS, My, REk
REARH 4, T DLE R TR0 THU. APRHC B0 b R G0, ARF &
HF TR
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E 1 marking
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£ IPG. 2000
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Laser Power (W)

B 1-14 TRISHAA MR EM IR 3 R R X5

152 mIBHABOLBARREE

PYCENFESIRAR it 1PN SR S & ST YAV NN /AU G- /S AN (T B 7 Dk
GF A oy F S R AR SRR R B HAR AR08 SR RO S EL, B T
WIS, E5LENTHIR G & DhA GO S 2 2> 4tk o g B2 H
CEIH — A eI R TR

1. TR TR A5 TH

JCEFHOE A AE Tk 05 T BT BRI E T . B AnfE R 2 Tk,
F UL HO LA AT T IR N SR AR R R AR g, L ESR S DRI S BRATS
AR UM, KRBT AR DI 115, . s, 45
ISR TG . JCHR N AR SRR, PR AR T Tk, e
Wotas PR AN T3ThR, Rl SR Dol B SRHT br K M B 2 40
to FIhFSCABOCAAE TR ZARTI N M W dr B PERERT ol S, b T
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A G T2 BRI AR S, TR B MEAE N AR, XA TR
MRS 3 )10 KIRACLF OGN TR 732 i M g A 43k
TR THYPEMN. EREHERIEEZR, KEAH 50%—T0%117R 42 A48
BT EOCI THA, I UBOEIREMBOLDIE N E . OIS 5 SO,
A AT B KK K.

TR CHT AR SO REZIAT Y, YeF o gs B HABBOLES B MR
#, FERIAEX AT

(@) WOt K aE, U8 L1pm 4, BEFEHR S AlAE] 10pm &2,
AR ThR %5 BE AT A 10°W/em?, FTHLIRIE . ~FROGH .

(b) YeHRFEL, BT AT, ERmE, M2 H7FEET 1, )
WR AN 0.24mrad .

() BkPEESR S, HIhaRfE, BhrPaeERs/NT 1%, M)
SO AR Z, IR SR RDEBE R AN, IR FITRR .

(d) &, HWILEBCRR, && ik 70%, TR .

(e) RELEMNRE 19, ATSEMER, AITERRESN. M B 41 T K 8] A

AP S, H AT LFOE 88 IE R RGE S AEOST ARFREZ T 3, K
R A RO L 2 B

2. BEHENHTIH

JCEFRBOLARE R 2 A HARF & . ThAON 1—2W DL BOL s L
REELPEE BRI AR, BB 78w 2 B e L oe rhE . A et Ik 2 <
XX R R BV H A RATEE AR . =2 2mn R DG HO LA T
ATV T BRGNP AR R A5 R I =2 0% K 2 B AR EOR,
A HOUEL Z G ARBO G 23 B 5 A0 Bt 20— e B ROMOL, T R AN 7] 2= 2% B
AU ER . R TR IBOE 8 K22 m B TR0 CO. BUGE YAG 3
Jeds, EETEF RAMZREER, JediEAs, HRHZEERIKAE RS
A2 Ja BRI R, T X8 SR 2 e £ O S P BE IR AN o iR IR E LT Ot AR )
Slak, AEAZUB A CEURELS T AR AR . HHT, S EotE L
MATFARTT ALV 2 WANRIF AR, FFEH RES TEEITAR. £
OILEFARS, FADCARIRPERDCA B S CR BT ELF, W BMEL A
AR A HERR iR A0 AR R AR o A FH A5 A0 VA AT ] 20018 S AR SR, ]
PAHIDGEF RO 2845 B SN B 20N E BU R DO, T A AN [R] B2 22 N 45
B ER. EREIFAYT, B Tn B+ O U A HOLR R AR FA
SRR, RIS LAYl SRS IR . Ji5h, ERELAETA
T, RIFCLBOCE EARIE T RIER, @205 2 un BRABOCERTT
B AL a5 5 S BAG © RIFSUR . D38 BLRIB ARG E oL WIAE
BRAMREF AP T EENA G, EREVIMRI TR BEECR K m RS .
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3. FEHENATIE

RIS R RO AR LR ZE S U A AT ORI R
IR oA AL R . ANRU TR AR S B PR REROR 52 2
HA, HEBUCHITE i s A s e . Bir, el HARSE
I AR 22 XA B+ L O e sias B AR . 2Bt as I H AL
OBV EE R REE, KE. KEORABERRITXI s, EEA
LT LA T :
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g XMEOLHARE T IR AR DR b, DIHESEOT DR A TP IREDL
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THRIFE 2007 S3R4F 100kW FIAHT- SOt a2 B 10 AL 2 oL a3
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154 wm B0, AR EEACR S N N BRAW R FEE ARG A5 AR A0 A MR AL
AFEHGE 1, SEEL TR NIR 224 RRBOGINFRACE ZE 92D S A S iy
fT8E L W 2B AEATIE B K ARAR M N HR 224 R 265 i BRI G BE A 2% o
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T RS T W76, Sy B IREUREIIAR, ARMTTHE (2. 23),
AP JZ FR 5 R B SR D' 1 RR A 0 B 2Nt B
AF, (X) = Fpo (€% -1) (2.27)

Foo NRIDE T IIEE, g, T2 B B K 35 8 1 55 1 2 BRI,

WA 7L P 0 St o A BCT B T R e BOR AR 2R IR T R R
FEABOCER RGO T, e R N:

R1 R2e2 g (Vlaser s XIaser ) — 1 (228)

Forf Ry MR, 73 90 9 0 5B AE BT I St B 45 BB R R B Ve T AEBOGHY

B, 9 Viaser» Xiaser) B WDCE KR8 75, BB 7@ — D E s
2Pl N RS E 261, AT AU :

_ O-a (Vlaser) _ In(\/ﬁle)

laser — (2.29)
Gt (Vlaser) O-t (Vlaser)r(vlaser)nt L
HRYE Rigrod B4r#T, I Fo, KRER Fr,, B
Fl;ser = FI;ser[(l — Rl)] & = I:I;rser R (2-30)
1-R, "\ R,

AR (2.23), (2.26), (2.27), (2. 30) F B2 R SR I CASED, R,
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AL IR

ntsd XlaserL] 1

Fl;rser :[FPO(l_egP)_ (1+ R)

(2.31)

e T AERIROGETH FIJT R (2. 31) R 5 FE B ] DU TSR £F
Botas, AFERAETRBNRAT S ZREZH K. TR B X, 5%
WERIM AL S PBESA R, ZTRRARHEENZ D, X, SRR, W
CAThR BL AL, J7RE (2. 31) ATBLES, SIANREV ., Ve KERRIHIETHER
hv, MHME SO0 TRE R v, ELRCRINE TR, A

ntSd XlasethVP ] Vlaser

I:)I:':lrser = [PPO (1_ e’ ) - (1+ R)V
p

(2.32)

Poo A VAL AN HE N BRI, tBREHE Tt AL T3, h
N M R AT PR B D TR BN, (2. 32) 208

_ ntSd XlasethZC /Ip

Paser = [Pro(1—£€%) ] (2.33)
| " 2y L R) g
c NEZFHOLHE, SWOLTIFE R, =0, WKRHBEENZEN:
ntsd Xlaser LhVP — ntsd Xlaser Lh2C (2.34)

T 1-e)  r(l-e*)4,

MRIE A0 (2.33) M1(2.34), BATAI LR H, XEJRCA ot A % R
FERE AL HSE. WREBEBIHRIR AT Jee KE. v UG
WALZHIZRIB DRSS . a4 P ORIJLT R, BATH IR 2 e eF ot as 4
HIIREZ U R, R RS s DA R 2T O A% X LA ) i

2.3.2 R EERTTHE

e EISER BN, FEEBARE RO, U 6 B R
AEIL TR R
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dppi(z) + +
£—L 2 =T R (@), ()N = (0, () + 0, ()N, ()] -, P (D) (2.35)

dP(z . E
i% = TP @(0,(4) + 0, )N, (D) — 0, )N @]+ To0, (AN, (2)Py(4,) — at, ()P (2) (2.36)
(P, (2) + Py (2))o,(A,)T, 4 (R (2) + P (2))o, (AT
N, _ hv, A hv A (2.37)
N~ (P @+ Py @) (©@u(2) + 0. DT, 1 (P () + P (D)0, (A) + 5. GIT,
hv A T hv A

I RS p Fon e, s RonfE50t, AR Ieer WA ALk,
—RNIDCE WA A 2GR, 0358 im, B 2=0 &b, L&A, B Z=L 4t.

Bt P (2) RATHIEINEE, P (2) RAS BIIhEe. A R GHBBITE, v, £t
W, o, BOHEE, T, REEE T, o,(1) Fl o, (1) F48 5T 8 Al i,
No(2) g b e 7o, © NEREH B . N=N,(2)+N,(2) FiBZRT

%gﬁu@=ﬁ§%aﬁ%%wﬁ%w%mﬁmo%ﬁﬁ%ﬁzwwmmﬁ%

S

fF, BETBLRAR PE(2) F1PE(2), EDHOETHERBEE LR (004
2.4 BINENAHBATZRBEAR
241 BT LD BEHA

WO M LD (laser diode) K H:[%E%I LDA (laser diode array) W3
BRSO AL RO gEMTEIER, 0] DA R IMAR A [ Ak Ae . AR B EL
7% %I (Stripe Bar) B0+ L2 H L BIHERR (Stack) FIE0H FLE T Lt ,
T SRR A I DR A el 1) JLAF LA 3 TR R e, HEEMN AN
H# N — N, IAfESEZS . BT APRMGEE B e e i,

LD BT HARR R TAEREE, HOR R BAEE 57T pn 854N H L
MR K. HFEEET pn &R NRTT I, FATT pn S5 RFRNIES
b BT ERDEARZBET AT IR (M~1), T8y ERDEH RSN f 2= (°
>1000), WK 2-7 Fias. BB TR A _ERDERRERA LA, Kt
A1 M FH M 38 PR 6 24 R G5 B i A B o
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B 27 ZHRELHRETEE

BB d OGIEIIRSS, 0 RFAHUA, n NPTER RIS, —A6K
T AR ARG RIARH, TR L=d X 0 Xn IGARFFAAE, FRZVTL
IR AZE, 5 WHT—R, W TORBRER . T8
REC AR i B H AR B, DRIl 50K LD SR 7, iehe . sk, HDEH
B, IR TT RIS 1A B RS AS BH AR R A, AR e A5

1. HAREMEER B &
UL
ol

LDA éc)l R i

B 2-8 A EREERER

Rk LR CHLET ARG I TS5 AN SE S T RO iR BRI BOR 12057 A
PO R B HE RO CHHZ U I SE R 0 1, e k. iU B Bk VR 2 A AR
GE= MR, B 2-8 R, BN ERGER M TERL 45 © o fEIXMEEH:
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R BT AL AR B 2 NBE R BRI KT T o3 A B A
NBURAE L ERA B e 90°, ARGy EL I AT ROC A, I HAER—
R R AT, B T T A B B H AN R RO I HE R R
FEA, CEHEFHD) 808nm H1 940nm R HLGLF R & i Hi R D3 AR BOL R
IR, SRS BEEAMRT 50%, AR T AM AR

2. L RE
% t
Fib
LD bar bulnglre @
B 2-9 ARER

A — NI R I ME AR S 2D, AR AR, Bm
A RENE, 1 H AT LEREN A T AR ST A K E, R, KA.
MRME R, FRMEOEAEE . B AR B K% (University of Berne) N3
P Zbinden S5 A B A —HOARHEG A TAIE Nd: YLF 181 Q B O3 =
FIRFE 2-9 Fras, SRADGEFFEFIRE 6% LDA BT 70 H1, Kb erfE5e
1T LD W —Sm iR H, Ty —dm W AR . Bdie Kk Jg 1 —F % LD
ERMOLANIEG, HEWmE 2-10 fror, XEAHIFER.

2™ mirror Focusing lens . Output fiber

Itmirrors collimators LD chips

B 2-10 £ LD BERRAANRESEHRER
3. WITHHREE (GRIN) FRIIERE

GRIN FE B P4 B F AR A& B H A% 4] 38 4 By 5] (Mitsubishi Electric
Corporation) St RWF 7T 5K H ) Yushi Takenaka 2 N A BAM ™. b
TR PR BE 3T 9 G A P HL I RN, B R I% e LDA S50 #IE R, R HRE,
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LR P AR BOC AR SRR A R T A IR 53080 118 05 TR K4
BEIH A E, BDCRBERD TR, (HRREPAT5H FCR R R 2L
K, BURTERBIFDEHR AT AL, BIRRCRAKPE . (HH TR 555
FLIR T #2 LDA 25 B R AR T 32 1) FAR .

4. THEHEL R N E Ik

nodon radaton ' aTerging radaton
{fas axis collnatied) (redrransed)

B 2-11 i RSHRENRERL EE

Emission from the diode laser
(fest axis collimated) ‘

T 5o meae
38 men*mrad

“« Y Y
500 mmi"mead i A

= 13 x 3.5 mm'rrad
=20 mm mrad

o —_—

Radiation aftor the first stop-mirror Rearranged raciaton after
(divided into 13 segments) the second slep-murce

B 2-12 R ERTE

TR TR A8 S S B A AR 48 ) R AN 2 O SRR FE e (R T WY 5 A K
W™, P AR B e 1 A B A5 A IS I A ik i A
XA FARBOC S PR 6 AR 252 oh YR 5 2 (R PR B A R B A e 4
ST il 2-11 Fron, S8t mECMUNE - BT U, Sl —
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UOLREHE. EHEPDERE A RS, SCIUEE IRE. B IRER
48 o 70 B E BB CRAE — A7 1A SRR B R, 23 IRE AR 4
R — AT EAFRR T R&SRME 2-12 Proar)Rg)E rh
%, JOLD 55K 2 52 Al HR L 7= ity LA FH A2 6 4

5. MRHBEEEF AR (two mirror beam shaping technique)

B 2- 13 WPmAARERRKE

o5 [E g % W B K ¥ (University of Southampton) ¢ HLHF 52 50 Oy BY
W. A. Clarkson Al D. C. Janna “"%% N$H 7 5% FH 5 4 i s T T B K S TR LA 9 A
J7 R R R TR, TR RS R . K R B (R R B S
), rBCEAE, TR L R

HTAEREME 2-13 fow, 85 & RERPS 7 PATRE, HEAd, A
e x" My’ J7ia A, XN T B o AR T PR R T
FERBTL NS ST FL o 2 BT 28 5L 50 bt 2 NS A 40 1 Al 7 6 R Ik
AR Ty AN B EN T EAES H . XFO7EwE S, T, S2/H, &
A TARA IERE 7 1) Ee o & K7 A 2R KA HEATH B IR OL RO . BE B AL
HifRFE LDA PRANAHER TS 2 [RIIFEIX, o] A3 s

PLE R RN T UM WK LD BIE e, HAa A8 IE 7k
e (R0 O 0 2 B S A B VEIR o B AR SN BRI, LD BIEH AR B4 H
fREA=E 15

242 BERHEREHA

XELZE AL BRI, AR ECABOLRR N A M D RSt TR, KK
m 7 BB E TR, AARTY[E Southampton photonics E AR ESEH
FR Yb XUELJZVEEF 1. 36kW [ BBl ein it ™. AT KRR B e OE
T DI, ERA AR AEE R O T B RO Ao, HAR
TR ZBOEHT LT Ueda S5 AR FHEDIR OB AF OB #% ©3R45 2KW DL i % 2D
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% [35] 5
1. SRR

1) EENFEREERE

3 B B TR 5 A g O N Y O 2 F R SRR SO IR
T, W 2-14 fn. WORIIRZHEL LD fj i KO REEGM & ZANWE
JENEE . — Bk MHEEESE Lt KD AR Bl A, B EA—A
W, HREA Mt IOV REAED AT @&E 77 i B, 2@ AT
Ja BRI T f i b, SR HEE RS . X T REES L, BERHEAAHE
FEREANRBUESLAR, 25 LS DCF ULAS, [FIRNERNZAR G R R4l b3k, &
W] R = FECRBEOCRE R, o R BN . LR EE TR K = 5 S5
BEANARER T

WA R
v B RN ;
S -gﬁ—‘-\lu /,m—wun_ﬂi yAE
Ll g% o

B 2-14 BREFREBE

FATTER AL H AT 8 A IR 4l Aey, R AR 45 56 £ T A Aot/ Bk =
i/ NIREESEREHI RN, BE— DR BRI R . R w7k, sk
YR RRO L, ElhTREERE, ARsEilater e, mal bt
Jeas AR B TT 7

2) JtH A RS

B 2-15 t&iEEi
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KR RAHIE M RIIR LD, RBAS5XNAE LM —umlaEae K, EiaHE
AR A AR5 E AT UL E Y4 Bragg JeMll, X Fh XU 2 Ye 4R (I 4F 840 A
BeE . XM VEMI R T ATE A U E A O RS, A ZER,
DR — RN R A B, Al R FHBOEES . SATAE N ETR K Th 2R LD 41| BE20
FE ARG, TR B THEL R, WEE. EERmE R EME
BHAERNJLAWCKIDEAF, R EBYARER, MIEE R, AR E. IIES
FICA IS AL A ST 4, AT MG S B 2-15 sl

3) IEHEIWEZRTE

N T SRR TR LD w1 2R ¥ 0 AU SR IR AT H A AR R &, AR
R —MeRAETRE/DNDREA i LD v R & Rl ik L+
MR AT — i AR b, SR /EdEAR DI, FEERIEE L4 L,
WK 2-16 A,

Broad-Area - Broad-Area "
Optical
Multimode o i v Multimode Power Meter
Pump Diodh Pump Diodes
o (00 (T G G0 colimated  fens
laser output
Multimode C“‘:‘:‘:"g'e';‘:w"’”‘" Nultimode Boam
Coupler Coupler ——

2-16 /MNIHER LD A HHREES

TR T/NIhE LD, AFHFAGS, RF WAL, KR
SRR EERE, aiEE . Rt ROt otss . R INEEE A
R TR IRAY B, £E PG Photonics AR RHARMIEME A", it
JUE LT RLBh R M b O H

2. MTHZRE

I T AR PR S T 252 998 77 ¥ ] P iy ELA 45 R vy, ELR b 00 A A S
FIGENIGELR, BIEIR S 7 S FEACE T BRI ThE . SAEDRE
Eob I, XA Z A AN RE R HAOG T B A, A R AE .
AT 2R 9 50 AR S AR S TR 5 AR A R R, R G 21 PR i T A2 T8 K o

1) VERERA

Kl 2-17 32 V RS A A S 45 M B, SRR U Z A
JEERBR—/NB, REERERNGZE R ZI s —A VIR, AR
0 IR B, PR ST 1 Bt o 2RI H - AR O SR 2 A B A
B EREDGE VRS MIICSR, 2 M S e o 7 [ E AL R 64T
@E , y\ﬁﬁ%&%j‘ﬁé?’ﬁ;iﬁ[m [43], [44] .
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N T RERERCR, VR R iR R A AR A e, Ak, B
FERHENS A RZ N — 24T, A RARH R S RN 2 5
JEITI AR, I Hoal U iE B .

WA Z IR ZABRIUT RS, ik VIR R SIE ] A k&
RS VORI E AR I RO SRR L H VBRI EEREECR, T
HFEMDELT BRIV IERE, V B A BB G 2 Az v, R BEAL T
P, 5 U SRR AR A i A dar, XM IR AN E B R R e A AT 2
RAIE .

. i laddi ~125
Yb**-doped corti{? pmy) nner cladding ( hm) outer cladding

SRS — v-groove
E] et A —
___________________ VAN
R SRR

/ @ micro-lens

substrate

“§ 7] broad stripe
§ | laser diode
=975 nm

B 2-17v FENESRES

2) HMARGERETAR

TR B & TR — AR & R IR B DA S EOR, ek 1V
RS T B N B2 IR S m, TZRONR R, AXeeriE
™ BRI .

ik 2-18 PFron, MR IELF RSO R 5 R BUR MU= i
WE, BRI M E AR S E AN BRI, e
A 5 A JEHT SRR . SR VE R AE UL R e BT 2 A,
AR A RS RV, O TE IR, A8 SO 6IE 2 i i3 4 s AR BRI
BREIMRE L, BMEERGBOVER. MHAHTRESAEEZEEDE
FREFTREARSZ HIE TR BUBR ], B BE REAR & IO TR AE BLAKT

p o 4 LD
micro-prism
outer
//‘;,.r’ j,/"" ladding
inner

<< Newe
re

4 .{ ¢’:,. \pumping light

B 2-18 WRFEMEBRS
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3) AAMERERME

5 e B N TR & R VR AR AL, — ARl — € A BE D6 T S 1o 3
SRR DRI A EN A E AN aZ B, il 2-19 FioR, ATL
RIS AR, BT 2 Salis, EGET i I R A BB I A IR R

St sEf R E

B 2-19 kfAimE EMMNERS

4) PWBRRHEEAR

RSB AR AR A 7 SR TE VA AR A 7 R s, R
HAE 2-20 Pros. BRI RIMLZ LR/, RRENEZE
EZ AN, R ARTR L T TEON FH SRS SR A RN SR B S 45
PR PRI S 5 1) S S T T DA - i e R AR B LA BT A i i, O A5 21
IR ERCR, HO e b 7RI R IR, AL 73R
B 2R RGBSR AR SR B 1) N T AT 2F R R G [, (R
I A AR S 5 5 UL C A o P oK B A1 5 T 11 S 45

SR FH AR B SR B I T il iz 1) R AT R A R AR L TR R 5 AT AL
o WG TV AN TR IR A SRR T A e SO I 3, R T
RN CEESRORBEAR, (B AR Z R R A RERIA 2105

embedded o /‘ X
: ' g 0

’ 4D
O

nner PR,
cladding adhesive ~.VL///

B 2-20 N RSTENERE
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2.4.3 BAFE R BB L R AF AR

1. ARG RE RO B

1) fuERsE R

7 L8 D6 £ v H] IO I AN A AR ZR P RO, AR XUEL 2 G A 5k
BLE LEZRIE T LRI DR s, B R SO e 4 R, 10 R 4R 5%
2B ENLT. HTOCA ARG AR, FIEFOSH NS 5800k
GRAIRZ , FEOCABOUCA L BEEOL, maZimt, tRmERE. W
TR 2 B E U 2 G T SRS BRBLBO L Y, A2 = DGO E 7T 1)
—ANEANE. BHAT, O VDTN T L SUELZ 62T F 0 ) e B A
SEI A AL IR 35 BOBOR Han H R 777

1999 4E#[H Southampton KM J. A. Alvarez—Chavez &5 A BHH 5 XA
ESL AT R, R 2-5, WF RO AN AR N, A E R X I
O A AR, AT /S = B B PR R, T BB Py, 14 FE A%
/N, A5 B EC I RO H

_ 27
Z + o
Tld T

B 2-21 WEEXAHHEIEE

2) EERIERE

FE[EH Livermore SLIGE D, A. V. Kliner /NHIR N T —FhIE T4 S ikt
MR IR B EOR, SZEL T AU E T i B O IR 3 B R S .
2-22 LI ERER, FEUFERH TR =4, ik sy
M7 LAES ' 21 40 LR Al 2 W EE 24 5 RE R JR AT, X B i S 1) 7 FE A 10 I 24
BB NG FE S, B NRG ;. A5 iR TR FHER, W
Wism R R AE TR B B3 . R R E B RS A A OC, et
I, mBELE ST O, BRI ] DL A S oy — e B4R, AR LPoy A
AR, {HR LPu K& UL BB R A O R .t 2-23 "4,
X F % 50-100 um (L VAE 12-24) BIFCEFRUL, FEARIE LPo AR A0 25 il 45 FE
AT DA Z AL T . RS SIS S P> 10dB M)
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B 2-22 BT HTHRFEAENEFESIEE

4 A step-index fiber
kY _
. . NA = 0.08
. W L=10m
% 1Dﬂa' ‘\,'::‘ A= 1064 nm
— -3
bg a4
I
= 2
10,5
a
4 I T T N T T T T
li] 20 40 B0 B 100

Care Diametar (um)

B 2-23 LPo BIRFE—ER, LPuRREMRESESEEMNXA

2. BITLTEEEIRELPBOCABOLE

TEFCAF O TAER AT DL — Sy Kt B a8 A ok i e Bl B AR K,
T S g7 K e 5 2 AT DR o) 18 2 i A AR R PR, AT BB LR R e Ak
P DB LA IR PO EIR, X2 k%G (line—narrowd) BUOG#s, WR
X FRPRE AR AR 5, Rib— NIRG8O RO 28 B AT
Bot#s (single—frequency) , it Yo A I EAHTME, AR & ISEH
WHE. TTHZ UM RIS A0 28 15 FH 7%

1) fEH Bragg Yot

Ball £ N BB N Bragg YoM 7528 T Er JGef 1 g5 ™,
MATTE 50em KB AF g, 5 E 1. 25cm K#) Bragg Yetlt, KETtkA 72 1
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80%, F 980nm ZZiH, #3315 Bragg P K —2 1 1548nm B4, 28954 47kHz
Bragg Yl —Fh B A A 10 I S 95 GBS <0, 5nm) FRG2A00, (ERE4a2k v
W BRSO LR R Rl K B R S e e, OB B A BE ER e
FEYE o Al LA B ) 5 iR E S G AL B () G AR 4R s b Z Y Brage £544, Wi
A HAOLEE, Wnr DR NS N EGIE Bragg Yl

2) [ FMAIIR Ak

980nm
@WDM
EDF1 PC EDF2

B 2-24 (@RISR0 A B RF

Horowi tz S5 R EUAEBOL I Fh i N A SO Sk kAR, S5 7ERCR A i
AN, ﬁ%ﬁ@ﬂ%& RN HRILIL G R AR T s . W 2-24 By
7N, EDF2 S23 25 /051, FH 980nm #OGIETH, EDFL A2 FR Ao, /& R RTH I,
ez il 2 AR FH A2 A0 I Rl A% 3 (1 R 6 iR ZS 78 EDF2 HO2 3 B I O R A=
ZS[EBESL) , TAE BDF1 H 2 PAT I (R AE S ABEFL) ™

HERFERE LWL, SR RNERE T, H—B3B Yo HRAE AR
WA, 37453 1 K 1055nm, 3dB 45 %5 /8T 0. 07nm [ 28 26 58 OB - X R hiz 5
TR LESS Yb' 245 4R T8 e 4T 0 g b 1R FHE4T T BN VER IR 72
TR 2 IR s S My S2PL T 95 Br¥'33nm AT, £85% 2. 35KHz [ S Aiida ™

3) MHERKESH

EHE AWM Dkt i, HEE NEFFIEKE, §lEE A
AR [A] B 2 0% K, 24 538 25 2k va AH LL UL, BPeTseal iz, Wil 2-25
fim. EEERERIRE, Michelson fE, Fox-Smith 55T IEIERE
aE.

Tk B, 2 R T IR 4 AT DUIRAS R, SR & R 5 VAR
TVEAHS R AT EE
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Lasr gain bandwidth

VAN

Cauvity longitudinal mode structure

Av,=c/2L,

Cavity longitudinal mode structure

Frequency
Av,=c/2L,

I

Frequency

Frequency

Intensity

—

Intensity

Laser output spectrum

o Av:c/Z(Ll—LZR
7 N

Intensity

-

Frequency

B 2-25 EAREEFERE

2.4.4 FAth Rk

T YL AR A L ES S

RIGEFHOG A TR AT XA EAEOCL. WEEGBOGLT . REEALHGLT
HLZRRFMOLLT, BEE R DRI AR R, IR I BOR B SR ok i
s I, REROGET R AR AL AT WO LS R e TP I B A . LG T
G AR BB — AR MO G LT ARG OGS K SR I DA BN T o 5
LR R, KOG G i S s . ARSI D28 BE TR R
WCEAT R R ECM I BIETE R 5. DR e Ve 4 . SO C A oL 8%
TR 2 KR AL RDC LT R L5 S = I Zh R, Rt R ThAR O
A TT R, RE AR MM T A BT e s KA Al R & SN A 2 SE3L,
REARSZ IR TR B vy, BOFETE /N4
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2. FRBRBEOLHEDA

PR BOCE R RO R ORBEEAT, XL HOLA S 7
A AR A S SR 2, R AR W RO X K AF dm = R AR ROt 8 2
22 O IEET OGS A SRR EO LA K — M3, AR s Aot as %
MR AW R AR D i S MR E e, P e A B B R A
PLZA 0 TAE, K9 H TS oA B & bR AR & o

3. JMEEBIR

JCEF e 2 e O ER R, H TR R SO 2R 1A SOt S K
IR, A, BEECABOLSEORMEE DR, Lot as
SAVHI g, WX LR CH R R BOR SR OB Phi,  H R EAR SRy
A2 —, RAEREAR L BOCLT EHIE R bR ROCE e

4. JeLBOLRRBHEOR

B FOLA BN TRV E RS KRR, WA, BoR. L&, 4k
A Know How %, RACEFHOLa Wi MBI ERIZ O BRI EOR, JEHAE
WK DR 4RO as MR e D e A 9 1Ak, 1A KEJTEITER T
TEMRERAT . BT ROCLT OGS B RN L BT AT 1, ANE TR 200 ) N FH #EAT &
BT, i HJR E BN RS R AR R E S AR AR
BRI SO B H AT TG A, BT oA BB A
TR ZEHERNH B KRR

&5 3
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